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Abstract

Information retrieval systems that use conceptual
indexing to describe the information content perform
better than syntactic indexing methods based on words
from a text. However, since conceptual indices represent
the semantics of a piece of irfformatiom it is difficult to
extract them automatically from a document, and it is
tedious to build them manually. We implemented an
information retrieval system that acquires conceptual
indices of text, g_aphics and videotaped documents. Our
approach is to use an underlying model of the domain
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conceptual indices, for instance by interpreting sentences in
a text [Mauldin 91] [Tong et al. 89]. On the other hand,
the creation of conceptual indices by human indexers is a
labor intensive task that is difficult to perform
exhaustively. This is particularly true for a large volume of
documentationwhereconceptsarecloselyinterrelated,asis
thecasefortechnicaldocumentsthatdescribetheoperation,
diagnosisordesignofcomplexartifacts.

2. Question-based Acquisition of
Conceptual Indlces

Our approachistousea conceptualquerylanguageplus
feedbackfrom theuseron therelevanceofthedocuments

retrievedinresponsetoa query,toincrementallyacquire
new conceptualindicesfor thatdocument.The user
formulatesa query to the system.If no document

descriptionexactlymatches the query,the system
approximatesthe retrievaland prompts the user for
feedbackon therelevanceofthereferencesretrieved.Ifa

referenceisconfn'mcd,thequeryisminedintoanew index.
This extends relevance feedback techniques [Salton et al.
68][Salton et al. 88] to the acquisition of conceptual
indices.

Thisapproachusesaquestion-basedindexingparadigm
[Osgoodetal.91][Schank91][Mabogunje90]where the
query language and the indexing language have the same
structureand usethe same vocabulary.The assumptionis
thatthequestionsaskedby usersindicatetheobjectsand
relationshipsthatarerelevanttodescribethe contentofthe
documentsata conceptuallevelappropriatefora classof

users.However,inordertousethequeriestoacquirenew
indicesthefollowingconditionsmustbe met by thequery
language:

i.Reusabiliw7The querylanguagemustbegeneralenough
tocreateindicesthatwillmatchaclassofqueries.

2.Relevance:The querylanguagemustbeabletodescribe

the information that the user is interested in. Articulating
queries to acquire information in order to achieve a goal is
in general a difficult task [Croft et al. 90][Graesser et al.
85]. In our approach, the query formulation is constrained
by a model of the domain covered by the documents and a
model of the type of information designers are interested
in (see section 3).

3. Context inde_ndene_, The query language must be able
to generate indices that can be reused in different
situations - that is, for different users and different tasks.

In the next two sections we describe Dedal, a system that
acquires conceptual indices to facilitate the reuse of
multimedia design documents in the mechanical
engineering domain. In section 5 we discuss three
experiments conducted at Stanford's Center for Design
Research and at NASA Ames where conceptual indices
were created by Dedal while mechanical engineers used the
system to access information about a shock absorber
design.

3. Background

We developedDedal,an information retrieval systemthat
usesconceptualindexingto representthe contentof

multimedia text,graphics and videotaped design
information.Dedaliscurrentlyappliedtodocumentsof
mechanical engineering design. It is an interface to records
such as meeting summaries, pages of a designer's
notebook,technicalreports,CAD drawingsandvideotaped
conversationsbetweendesigners.

3.1 Conceptual Language to Query and Index
Design Information

Basedon studiesof theinformationseekingbehaviorof
designersconductedat Stanford'sCenterfor Design
Researchand NASA Ames [Bayaetal.92],we identified
a language to describeandquery design information[Bandin

etal.92a].This language combines conceptsfrom a
modeloftheartifactbeingdesignedwitha taskvocabulary
representingtheclassesofdesigntopicsusuallycoveredby
designdocuments.For instance,"function,""operation,"or
"alternative"aretopicsofthetaskvocabulary.

A conceptualindexcan be seenasa structuredentity
made oftwo parts:thebodyoftheindexwhichrepresents
thecontentofapieceofinformationand thereferencepart
thatpointtoaregionina document.InDed_lthebodyof
an indexhas thefollowingform: <topicT subjectS
levelofdetailL medium M> whereS isalistofsubjects
froma domainmodeland T,L and M aremember ofthe
taskvocabulary.The reference part of an index containsa
pointer to the record and segment corresponding to the
starang location of the information in a document (e.g.
document name and page number or video counter). A
segment of information is desen'bed by several conceptual
indices, each of which partially describing its content.

For instance: "The inner hub holds the steel friction
disksand causesthem to rotate"ispartofa paragraphin
page20 of therecord:report-333.Itcanbe describedby
two indexing patterns:

<topic function subJecu inner-hub level-

of-de_ail configuration medium text in-

record report-333 segmen_ 20>

<topic relation subject inner-hub and

sUeel-friction-disks level-o f-de_ai!

configuration medium text in-record

report-333 segment 20> .

The querieshavethesame strucun'easthebodyofanindex
and usethesame vocabulary.A questionsuchas:"How
doestheinnerhub interactwiththefrictiondisks?"canbe

formulatedinDedal'slanguageas:

<ge_-in forma_ion-abou_ topic relation

regarding subjec_ inner-hub and steel-

frictlon-disks with preferred medium

equation>.



3.2 The domain model

In the mechanical engineering design domain, the model
includes a representation of the artifact structure, some

aspects of its function, the main decision points and
alternativesconsidered.Italsoincludesconceptsthatare

part of the problem but external to the device

representation. The main relations in the model are isa,
part-of, attribute-of, and depends-on (see Figure 1). The
isa andpart-off attribute-of hierarchies arc used by Dedal to
compare a query with a given index. For instance in Figure
1, given that metal-disk is part of the disk-stack the
pattern: "function of metal-disk" will be considered more
specific than the pattern "function of disk-stack'. In the
same way, the subject: "resistive-force of disk-stack" is
more specific than the subject "disk-stack".

3.3 Retrieval strategy

The retrieval module takes a query from the user as input,
matches the question to the set of conceptual indices and
reRn'ns an ordered list of references related to the question.
The retrieval proceeds in two steps: (I) exact match: find
the indices that exacdy match the query and return the
associated list of references. If the exact match fails: (2)

approximate match: activate the proximity retrieval
heuristics.
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Figure 1: Objects and relations in the domain model

Dedal currently uses fotme, en proximity rewieval heuristics
to fred related answers to a question. For instance,
segments described by concepts like "decision for lever
material" and "alternative for lever material" are likely to be
located in nearby regions of the documentation. The
heuristics are described in detail in [Baudin et al. 92b].

Each retrieval step returns a list of references ordered
according to a set of priority criteria. The user selects a
reference and if the document is on line, goes to the
corresponding segment of information (using the hypertext
facility that supports the text and graphics documents). A
user dissatisfied with the references retrieved can request
more information and force Dcdal to resume its search and

retrieve other references.

4. Index Acquisition in Dedal

Dedai acquires a new index in two phases: (1) an index
creation phase, and (2) an index refinement phase.

4.1. Index Creation

Figure 2 illustrates with an example how Dedal acquires a
new index. Given a user query and feedback from the user
on the relevance of the documents retrieved. The index

creation phase goes through the following steps:

I. Oue_ formulation: The user's question in English is
"what is the function of the hub?". After the user selects

the subject inner-hub from the domain model and the topic

function from the task vocabulary, the corresponding query
in Dedal is: < topic: function of subject: inner-hub>(In the
following paragraphs we will use a shortened syntax for
queries where the words topic and subjects are omitted and
where domain concepts are indicatexl in bold).

2. Ouery-Tndex manninm. Dedal tries to find an index that
exactly matches the query. In this case, it does not find an
exact match and applies a proximity heuristic to guess
where the required information may be located. The
heuristic states that any information describing how a
mechanism works might also describe the function of its
parts. In this case, given that inner-hub is a subpart of the
disk-stack mechanism, Dedal matches the query "function
of inner.hub" with two indices I1 and I2 pointing to two
information regions describing the "operation of disk-
stack".

3. Relevance Feedback: The user looks at the two
references retrieved, finds that the reference pointed to by
the index I2 (page 12 in the record report-333) descn'bes the
function of the inner hub while the document associated
with index I1 does not. The user rates the reference I2 as
relevant.

4. Index Acquisition; The query: _function of inner-hub _ is
more specific (see section 3) than the index "operation of
disk-stack". In this case Dedal creates a new index I3. The

system now knows that page 12 of report-333 explicitly
describes the function of the inner-hub.

Each time a reference is retrieved by the approximate
match and is relevant, Dedal attaches the reference of the

selected index to the query, turning the query into a new
index (as shown in step 4 in figure 2). In addition, the
procedure records the type of inference that relates each
subject of the new question to the subject of the matching
index. There are four types of inferences: identity,
specialization, generalization and extension. These
inferences determine the type of the subjects associated
with the new index created.

The type of a new subject is identity if this subject is
identical to a subject of the matching index. The type of
the new subject is a specialization if it is related to a
subject of the matching index by a _ or isa

relationship, or if its value depends-on the value of the
matching subject. The type of subject is a generalization if
the matching subject is related to the new subject by a



subvan or isa relation, or if its value dencn_-on the value

of the new subject- The type of the new subject is an
extensionifithas no relauonswith any of thematching

subjcas. Finally ff an index is defined manually by a user,
the type of its subjects is: human-indeaer.

For instance, ff the query : "relation between solenoid

and lever" matches the index: <topic: operation, subject:
solenoid, reference: (meeting-10/2/91, 12)>, the new index
will be: <topic: relation, subjectl: solenoid and subject2:

lever, reference(meeting-10/2/91, 12)>, where
type(subjectl) = identity and type(subject2)= extension.

When a query is matched ID a new index created by Dedal,
the type of each subject is taken into account in the
determination of the ordering coefficient. The greatest
confidence is attached to subjects in the following order:.
human-indexer, identity, specialization, generalization and
extension. This means that there is high confidence in a
new index created by a human while little confidence if the
index is overgencralizedorprovidesanunrelatedreference.

4.2 Index Refinement

Two factorsmay impacttheabilityofan acquiredindexto
accuxamlydescribetheassociatedinformation:

(I)incompletenessof"the domain model: Ifthe model is

missingtheparticularsubjectthe userisinterestedinand

theuser selectsa relatedsubject,theapproximatematch
might stillren-ievea relevantdocument. In thiscase the

user query does not exactly describe the information

required by the user and the resultingindex will be
inaccuram;

(2) multiplesubjectproblem: when a query involves

severalsubjects from the model, the user might feel
satisfiedwith a document thatreferstoa subsetof these

subjects.For instance,ifthequery isoftheform "relation

between outer-cage, solenoid and lever" the user

might feelsatisfiedwith a referencewhich only describes

the relationbetween outer-cageand solenoid, the third

argument:leverwillthenincorrectlydescribesthecontent
ofthereferenceddocument

The index refinement phase keeps track of the relevance
of each subject in the newly acquir_ indices. Each time a

query Q ma.:hes an acquired index I, and a subject Sq of Q
is related to the subject Si of the index I (where related
means either is the identity, a specialization, a
generalization or an extension), the following procedure is
activated: if the corresponding reference is relevant, the
success mm of Si is incremented. If the reference ren'ievod
is irrelevant, the fmlttre rate of Si is incremented. The idea

is that after some time, the indices that are suspect (whose
failure rate is above a certain threshold) will be pm._nmd to
a human indexerwho willdecidewhat indicesshouldbe

maintainedordeletedand what subjectsshouldbe dropped
fzom the index.

For example, if the question is "what component

interactswith the lever?",the correspondingquery : <

relationCoetween)leverand SX> (where SX isa variable)

matches the body of the index I:< relation(between)

solenoid, lever,shaft >. Ifthe match is ratedby the

useras relevant,thecoefficientof successofthe subject
leverinindexIwillbe reinforced"If theuserindicatesthat
the referenceretrievedisnot relevant,the coefficientof

of subjectleverinIwillbe reinforced.Eventuallyif

theindexIfailstomatch any queryaboutlever,thesubject
lever will be dropped.

i.User:.what isthefunctionoftheinner-hub?

2.Exactmatch:Fredaconceptualindexwithtopic= functionandsubject= inner-hub
-> the retrieval fail

Heuristic: If thequeryisfunctionofX and X isasubpartofY, lookfor

docun_ntsthatdeseribehow Y works--> findindiceswithtopic= operationand subject= Y.

From thedomainmodel: inner-hubispartofdisk-stack.

Approximatematch:Findan indexwithtopic= operationand subject= disk-stack
-->Two indicesarefound:

11:topic= operation,subject= disk-stack 12: topic:operation,subject:disk-stack--7

level-of-detail = conceptual level-of-detail = detailed
in-record: meeting-12/2/90 ;:in_._ _!__i!i_;i_;_i_i_

3.Relevancefeedback:Get feedbackfrom the useron therelevanceoftheinformation
retrieved.

--> User:page 12intherecordreport-333isrelevant

4. Index acquisition: create a new index B

Body

Refu--ence

I3: topic: function, subject: inner-hub
level-of-detail: detailed

Figure 2: Creating a new index
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Figure 3: Two indic_ generate.d by Dedai

5. Experiments and Prdiminary Results

In thissectionwe reporton experimentsand preliminary
resultsto evaluate the effectivenessof Dedai's index

acaui.sidon.Index Acquisitionisconsideredeffectiveby

three criteria: reu:ability, relevance and conte.r.t
independence of the indices in futttre ferric,eel (see section 2
fora _pdon of thc._crite:-ia).

We conducted experiments where we observed

mechanicalengin_rs usingDedal toask questionsinthe

context of a modification of a shock absorber designed at
Stanford's Center for Design Research for Ford Motor
Corporation[Baudin et al. 92a].The engineers rated the
references retrieved by Dedal as relevant or irrelevant. In
these experiments we considered three contextual factors:
the user, the problem being solved, and the specific goal

modvams each query.

Ex_c,_ment 1: In the fit_ _.---pe:-imenta mechanical designer
an.familiar with the shock absorber design queried the
system during redesign. In this experiment we mcamn'ed the
re!evanct and the re'.zsabiiit 7 of the indices acquired within
the same problem solving process. As the new indices
were created, they were reused to answer sli_dy different
questions. Out of 71 indices teated, 13 we._ _",sed and out
of those 70% were found relevant by the user. "me main
causes of irrelevance were the incompleteness of the model
and the mutdple subjects problem, where indices that
involve relations among multiple subjects need more
._-aJningtobe refined(seeSee=ion42).

Exveriment 2: An ex.ocn designer used the system for a
simitar redesign task. In this study we observed how the
indices created during experimentI were reused in
expe,'-iment2. This gave us an idea of the re'.zsabiiity and
relevance of these indict, with a user of different design
experience, and during the course of another problem
solving proems. In this experiment many questions were
about the relation among multiple subj_t and we focused
on the reusability and relevance of indic_ that have more
than one subject. Each ume a multiple subject index is
reused, the success or failure coefficients of its subjects arc
updated by the system. We found that:
(1) The number of irrelevant new indices retrieved

outweighed the number of new indices that were relevant,
thus degrading the performance of the system. In this

experiment 30 indices created during experiment1 were
mused and out of these, 40% were relevant. As expected,
this degradation was due to the multiple subject
problem, mainly to the introduction of incorrect subject
extensions.

(2)Inthenew indices,eachincorr_tsubjectwas showing

positivefailureratesand no successrates.The new

indices crated were shown to another designer that
confln'med the trend that the system recorded. This

suggests that the accuracy of the indices CTeated is
knproving and wiil lead to a better performance in future
renievai.

F_gure 3b shows an index generated during the fh'st

experiment, in this index the subject "damper" is an
incorr_t extension of the original index "rehmon (bctw_n)
su.spension-system,car".The rating(not shown on the

figure) of the subj_t "damper" showed a positive failure
rating and no success rating after we conduc:e,d the second
experiment.

Experiment 3: We pre..sentedthe 71 indices CTe,ated (see.
Figure 3) during expe.drnent I along with the associated
information re_ons to a designer familiar with the shock
absorber documentation.The designer rated eachof these

indices as relevant or irrelevant depending on his
appreciation of the ability of the index to de_f;_ (part of
)the associatedinformation. In daisexperiment, the

designerreviewedtherd.emnce and come.=indz.xnd_nceof
the indicesCTCated.The d_ee contextualfactors(user,

problem and goals)in our experimentwere removed: the

designerwas differentfrom the userswho c._nductedthe

ex_=iments, he rated the indicesindcpendendy of any

problem solvingtask,and he had no accesstotheEnglish

versionof the questionsthatmotivated thequeries.The

designer rated86% of the acquiredindicesas relevant. Here
again the irrelevant indices acquired were due to the
incompleteness of the domain model and the introduction
of incorrect subject extensions in indices with more than

one argument.
The three criteria, reusability, relevance and context

independence, of the acquired indices don't give us a direct
measure of the impact of these indices on the global
retrieval performance in terms of the precision and recall of



the retrieval 1. However, when the newly acquired indices
are reusable and relevant across contexts, the references
associated with them can be retrieved through an exact
match insmad of an approximam match. Our assumption is

this provides better performance since the precision of
theexactmatchretrievalishigherthantheFrecisionofthe
approximateretrieval[Baudinetal.92b] and sincethe
exact match will now retrieve more references. The
inmiuon is that the user will see more relevant references
sooner while more irrelevant inferences will be pruned form
the first set of documents proposed to the user. For
instance in the example discussed in Section 4.1, the
system retrieved two references in response to the query
"functionofinner.hub",onlyone ofthisreferencebeing
relevanttheprecisionof thisretrievalwas 50%. After
Dedalacquiredthenew indexB andthenexttimethesame
questionisasked,only therelevantreferencewillbe
renrievedthroughanexactmatchinthefirstsetofanswers
proposedtotheuser.

6 Future work

Performanceevaluation:Our preliminaryexperimental
resultsaremostlyqtmlimdve.Theyareusefulinindicating
the main featuresof the effectivenessof the index

acquisitionin terms of thereusability,relevanceand
contextindependenceoftheacquiredindices.Inorderto
havea more precisenotionof theeffectivenessof the
methodwe plantoquantitativelyevaluatetheimpactof
theseindiceson theglobalperformanceofthesystemin
termsof thegainin theprecisionand recallofDedal.
However,The quantitativeevaluationofthemethodon a
meaningfulsampleofqueriesisa difficulttaskbecause:(1)
the questionssubmittedto the system during the
experimentsmustbemotivatedby specificgoals(suchas
theredesignoftheshockabsorberinourt-n-stexperiment);
and (2)thequestionsaskedduringtheseexperimentsmust
overlapsoastoinvolvethenew indicescreated.

Index refinement: Our refinement algorithm is preliminary
and canbe expandedintwo directions.One directionism
add to the refinementprocedurethe capabilityto
automaticallyanalyzewhichsubjectscausethesuccessor
failure of an index so that, afmrmultiple queries, Dedaican
automaticallydecidehow tomodifyan indexbasedon the
ratingofitssubjects.Anotherdirectionistoincreasethe
interactionbetweenthesystemand theuserinorderto
clickmore knowledgeaboutthecausesoffailurewhen a
new indexledtothereurievalofan irrelevantreference.

This would be similar to the dialogue triggered by rea'ieval
fail_ inProtos[Porteretal.90].

1These are two criteria used to measure the
performance of information retrieval systems,.
Precision is the number of relevant references
retrieved over the total number of references
retrieved in response to a query. Recall is the
number of relevant references retrieved in response
to a query over the total number of existing
relevant references.

Interactive modification of the domain model: The query
language is designed to describe as much as possible the
informationrequiredby the user. However,any language
thatusesconceptsfroma modelisinherentlyincomplete.
A missingdomainsubjectforcestheusertofallbackon a
relatedsubjectand is a source ofinaccuracyinthe use of
queriesforindexingpurposes.One way ofalleviatingthis
problemistoallowtheusertodefinenew domainsubjects
when he cannotf'mda suitableconceptinthemodel We
implementeda questionformulationcomponent that
interactswiththeusertounderstandhow a new subject
relatesto the domain model and we plantotestthis

functionalitywithauser.

Definitionof thedomain model:Our conceptualquery
languageis(I)[askdependent:Itisadapted to thetypeof
questionsthatdesignersareinterestedinwhen theyaccess
designdocuments,and (2)isconstrainedby a domain
model and requiresthismodel tobe builtforeachnew
designproject.With respecttothismethod,an advantage
of technical domains that relam to the operation, diagnostic
ordesignofengineeredartifacts,isthatthescopeofthe
domainmodel isusuallywelldefined.Forinstance,inthe
engineeringdesigndomain a largepartof technical
documentationcanbeindexedusingtermsfromasmacnn-al
model(part-ofhierarchyofcomponents)ofthedesigned
artifact.The domain model becomesa designglossary
whose termsare linkedby differenttypesofrelations.
Althoughmodel buildingmightbe considereda burden
whencomparedtodomainindependentinformationretrieval
systems,itisinterestingtonotethatthistypeof"super
glossary"isactuallyusefultothemembers of a design
projectas itexplicitlydefineswhat ismeant by the
vocabularyusedby eachmember oftheteam.

7. Related work

Informationretrievalsystemshaveusedrelevancefeedback
techniquesfortwo purposes:(I)tohelprefineuserqueries,
and (2)to helprefineindicesassociatedwithtextual
documents.Approachessuch as [Salton 68][Croft etal.
90][Touetal.82]aredomainindependentmethodsthat
operateatthesyntacticlevelinthattheyuseacombination
ofwordsfroma texttoindexandquerytheinformation.By
comparisonwe constrainedthequerylanguageandwe use
thequeriestoindexthedocumentsata conceptuallevel
appropriatetorepresentthecontentoftheinformationina
givendomain.

The CID project [Boy 89] starts with words f.mm the text
to index pages of textual documents. Index acquisition is
performed by attaching contextual information such as the
userprofiletorestricttheapplicabilityoftheindices.In
ourapproach,thequeriespartiallydescribethecontentof
thetargetinformationatthe"appropriate"conceptuallevel
and can directly be turned into an index. In this respect
contextual factors such as the domain relations or the type
of user are already embedded in the model underlying the
query language and therefore become part of the acquired
indices.



RUBRIC (Tong 89) uses _dential reasoning and natural
language processing techniques to infer the content of a
text. For instance, an evidential rule can define which

words and relations among words suggest a given concept.
It is not clear, at this point, how much background
knowledge would be needed to automatically extract the
document descriptions from our text-based documents.

8. Summary

We applied the use of relevance feedback to the acquisition
of conceptual indices. We tam user queries into indices that
partially describes the content of text, graphics and

videotaped information at a conceptual level appropriate for
a given class of users in a given domain. Using queries to
describe pieces of information is made possible by: (1)
constrainingthequery language:thisrequiresstudyingthe

informationneeds of usersin a given domain to identify

generic types of questions this class of users is interested
in, and (2) using a model of the domain to be able to match
thequerieswithmore generalorrelatedconceptualindices.

Although the principleof our approach is domain

in.pendent,itsimplementationrequirestobuilda domain

model. Our approach isparticularlywcU adapted to the

indexingoftechnicaldocumentsthatdescribetheoperation,

diagnosisor designofcomplex artifactswhere the domain

model can be clearlycircumscribed.
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